The transposition of traditional biological profiling methods to virtual skeletal reconstructions represents a relatively novel practice that is proving to be versatile in a variety of forensic contexts. Widespread acknowledgement of the disadvantages associated with archaeological and/or other non-contemporary skeletal collections has prompted an increase in the use of medical imaging modalities for the purposes of formulating population-specific reference standards used to estimate characteristics such as chronological age. The primary aim of the present study is to statistically evaluate the reproducibility of assessment and thereafter develop age estimation standards based on the morphoscopic evaluation of the fourth right sternal rib following the phase ageing method developed as reported by İşcan et al. (J Forensic Sci 29:1094-1104 , 1984 , J Forensic Sci 30:853-863, 1985 in clinical multi-slice computed tomography (MSCT) scans. A total of 335 MSCT scans representing Western Australian individuals between 10 and 80 years of age (179 male and 156 female) were retrospectively reconstructed and analysed in OsiriX following the İşcan et al. sex-specific standards (J Forensic Sci 29:1094-1104 , 1984 , J Forensic Sci 30:853-863, 1985 for the fourth right rib. Regression and transition analyses are employed to generate standards for the estimation of chronological age and modelling of thoracic senescence, respectively. The method was also applied to right ribs three and five to evaluate intercostal variance in age-related metamorphosis. Intra-and inter-observer accordance is 'substantial' (K = 0.76) and 'almost perfect' (K = 0.825), respectively. Intercostal variances between ribs three to five were observed in the male sample only. Multiple regression using phase scores from all three ribs produced models with the highest predictive accuracy (± 10.04 years for males and ± 9.81 years for females). The transition analyses demonstrate comparable levels of age-related morphological change across ribs and male and female samples. This study presents a novel set of reference standards for a contemporary Australian population and further demonstrates the utility of virtual analysis in forensic anthropology.
Introduction
The estimation of age as a tenet of the biological profile in forensic anthropology has historically been concerned with the direct visual analysis of physical skeletal elements inevitably pertaining to a deceased individual. However, advancements in cross-sectional medical imaging technology, and an increased recognition of the utility of these techniques in a medico-legal context, have diversified contemporary practice in the field, enabling estimates of chronological age to be produced as part of the biological profile of deceased and living individuals. The transposition of traditional biological profiling techniques to a three-dimensional set of virtual skeletal remains reconstructed from clinical or post mortem computed tomography (CT) scans is referred to as 'virtual anthropology' [1, 2] .
Virtual skeletal reconstructions are advantageous as they represent a non-invasive and non-destructive method of data collection and analysis, eliminate the need for timeconsuming procedures (such as maceration), and provide a potential resource for the development (or improvement) of population specific reference standards [1] [2] [3] [4] . The latter point is of particular importance as a paucity in the availability of modern skeletal collections and the antiquated nature of existing collections poses significant challenges to the estimation of age in adults [5, 6] . Previous studies have established that the application of outdated or foreign standards to temporally and/or geographically disparate populations results in decreased accuracy in the estimation of the biological profile [7] [8] [9] [10] [11] , emphasising the need for standards that represent contemporary populations.
Virtual skeletal repositories derived from clinical CT scans have been identified as a source of population-specific data that may be used as an adjunct to, or in lieu of, foreign standards. Concordance of traditional osteometric measurements between three-dimensional CT reconstructions and dry bone specimens has been empirically demonstrated [12, 13] indicating that CT imaging techniques provide a valuable source of supplemental skeletal data. The efficacy of a virtual approach has been demonstrated for skeletal elements traditionally used to estimate age in adults, including the auricular surface [14] , pubic symphysis [15, 16] and sternal rib ends [17] . Telmon et al. [15] reported no significant difference in the accuracy of age estimates made using physical specimens of the pubic symphysis and CT reconstructions generated from the physical sample. Accordance for the appearance (i.e. quality of reconstruction and visualisation) of symphyseal features between physical specimens and their virtual counterparts ranged from 81% for the ventral rampart to 100% for bone ridges and extremities. Further, Wink [16] has demonstrated the utility of virtual reconstructions in a clinical context with living individuals, where chronological age was estimated correctly in 79.5% of cases over two observations of the pubic symphysis. The relative novelty of a virtual approach to biological profiling entails further validation of traditional methods for a wider subset of historically relevant skeletal elements given the aforementioned advantages of virtual reconstructions.
The medial articular surface of the right fourth sternal rib represents a historically relevant morphological attribute for adult age estimation. The phase ageing method devised by İşcan et al. [18, 19] relies on the classification of fourth right rib specimens into one of nine phases based on age-related changes in the shape, form, texture and overall quality of bone at the costochondral junction. Successive degenerative changes include (but are not limited to) an increase in porosity, irregularity and sharpening of the rim; deepening of the articular surface (pit formation); thinning of rib walls and the formation of sharp, bony projections and 'windows' within the walls of bone [18, 19] . The reported accuracy for the İşcan et al. method across phases ranges between 0.5 and 10.27 years for males and 1.52 to 8.83 years for females [18, 19] .
The rib phase ageing method has almost exclusively been applied to physical bone specimens, with the exception of Dedouit et al. [17] , who demonstrated that the accuracy of the İşcan standard does not differ based on the mode of observation (traditional versus virtual reconstruction using twoand three-dimensional MSCT scans). While useful in establishing inter-method accuracy and the applicability of virtual analysis for the sternal rib, the generalizability of the results is limited to certain phases due to a small sample (36 specimens) and the under representation of individuals in late adulthood, particularly between 60 and 99 years of age.
İşcan et al. concluded their seminal rib works by hypothesising that minimal variation in the morphology of ribs three to five is likely to exist, meaning that their standards (as developed using the fourth right rib) could be used to estimate the age of adjacent ribs. This hypothesis has been supported by Loth et al. [20] , who assigned right ribs three to five to the same phase or within a single phase of each other in 79% and 98% of cases, respectively, in a mixed sex sample, leading to the use of fourth rib standards for ribs three and five in further validation studies of the İşcan method [21, 22] . However, there appears to be a paucity of existing literature evaluating intercostal variation and what is available does not comprehensively examine differences according to ancestry. Further, while the original method has been tested with geographically and temporally dissimilar populations to evaluate differences in the overall pattern and rate of senescence within the fourth right rib [23] [24] [25] [26] , there is still a deficit in the number of validation studies that examine intercostal and bilateral variation in a diverse range of modern populations.
Contemporaries of İşcan et al. have called the fundamental methodology and sampling procedures of the original method into question, suggesting that it has been widely implemented without being challenged [27, 28] . Suggested limitations include bias, poor reproducibility of results and transposition of the method to other populations, small sample size, moderate to high levels of inter-and intra-observer error, large age ranges and age mimicry [27, 28] . Given the continued use of the fourth right sternal rib in biological profiling [29] , the completion of independent validation studies is important to establishing the overall accuracy and reproducibility of the original method in modern populations. As such, the primary aim of this paper is to validate the application of the İşcan et al. [18, 19] phase ageing method to right ribs three to five in a virtual platform using clinical MSCT scans, and thereafter, develop age estimation standards and model age-related morphological change across phases using transition analysis. Ribs three to five in the right series are evaluated to assess the applicability of the method to a wider subset of skeletal elements and increase the scope and forensic utility of the data available for the study population.
This study is particularly important as standards for the estimation of age based on the analysis of the fourth right, or multiple, ribs do not currently exist for an Australian population. Moreover, there is a significant deficiency in the availability of standards derived from virtually reconstructed rib specimens relative to other skeletal elements, despite the fact that the rib continues to be a relevant morphological attribute in biological profiling. This study represents a novel undertaking in that it validates the utility of MSCT as a credible modality for age estimation using a relatively under represented morphological attribute, contributing to the existing body of literature that establishes the applicability of virtual methods in a forensic context.
Materials and methods

Materials
The present study is based on the retrospective analysis of thoracic MSCT scans from a Picture Archive Communication System (PACS) database, which represents a digital repository of clinical images generated at hospitals within the Perth metropolitan area. The contemporary Western Australian population is diverse in its cultural and ancestral composition, with 57.3% of the Greater Perth population and 60.3% of the state population overall born in Australia. Indigenous individuals and Torres Strait Islander peoples constitute 1.6% and 3.1% of the Greater Perth and Western Australian population, respectively. However, despite being ancestrally diverse, the majority of Western Australian individuals are Caucasian with a European lineage [30] .
High-resolution scans were obtained using a Philips Brilliance 128 slice CT scanner (acquisition of 120 kVp, mAs 113, with a pitch of 1.172 and rotation time of 0.4 s) with high resolution. Slice images were subsequently reconstructed at a thickness of 0.8 mm (increment of 0.4 mm) with an image matrix of 512 × 512 pixels (window centre of 40 and width of 350), ranging between 0.62 and 1.7 mm. All scans were anonymised prior to receipt by the author (devoid of personal information other than the date of the scan, sex and date of birth). Ethics approval was granted by the Human Ethics Research Committee of the University of Western Australia (RA/4/1/4362) prior to the commencement of this study.
The integrity of each scan (slice thickness, resolution, visualisation of sternal rib ends) was assessed prior to any formal analysis and statistical testing. Scans were excluded on the basis of poor visualisation of skeletal structures (including but not limited to scans with a slice thickness over 1 mm with poor resolution); evidence of thoracic skeletal trauma, pathology, malformation or abnormal growth; obscuration of skeletal features by medical devices that could not be removed; and complete ossification of ribs to the sternum. Scans were excluded according to the aforementioned criteria over two rounds (prior to data analysis and following initial examination of data distribution due to issues such as subpar resolution). The final sample used in the statistical analysis comprised 335 individuals (179 male and 156 female) 10 to 80 years of age ( Fig. 1 ).
Methods
Visualisation protocol
MSCT scans were exported as DICOM files and were visualised and analysed using the 64-bit version of OsiriX (see Fig. 2 ). The 3D viewing mode was used to reconstruct CT slice images using volume rendering multi-planar reconstruction, surface rendering and maximum intensity projection protocols. The same suite of visualisation methods are used to analyse all scans, although to varying degrees according to the individual properties of each scan. The contrast adjustment function was utilised in all cases to enhance the appearance of rim irregularities, pit depth and pit features, such as bone projections and the overall quality of bone. The 2D orthogonal MPR view was used to discern the shape of the pit when it was difficult to visualise this feature using the 3D volume rendering alone. The low-contrast, bone glossy preset was considered most appropriate for the visualisation of skeletal structures in cases where these could not be visualised using the default 3D volume rendering setting. All features that were not of interest (e.g. extraneous medical devices, skeletal features other than that being examined) were removed. Each rib was examined in isolation from all other skeletal features using the setting that facilitated examination at the finest level of detail.
Morphoscopic sternal rib end analysis
The age of each individual was estimated directly following the visualisation of thoracic skeletal features in the CT scans. The medial surface of each rib was viewed in isolation following virtual dissection of all other skeletal elements from a number of different anatomical aspects (360°manipulation) (see Fig. 3 ). This method was chosen (as opposed to the analysis of a static image of the rib) as it most closely resembles the method of rib examination employed in assessing a dry bone specimen. An estimate of skeletal age was made by assessing the shape, form, texture and overall quality of bone observed in each scan. The appearance of phase characteristics evident in scans was compared with sex-specific photographs, written descriptions and France Casting® reference casts [18, 19, 31] detailing expected rib morphology (i.e. specific presentation of phase characteristics) for each phase. An estimate of age was derived for the observed rib morphology relative to the features outlined for a particular phase. Each rib in the series examined was analysed independently on separate occasions to minimize observer recall and bias.
Statistical analysis
Statistical analyses are performed using IBM SPSS Statistics 23, with the exception of transition analysis, which is performed using the multiple SD model available within the Nphases program (http://konig.la.utk.edu/npahses2.htm). Unless stated otherwise, all statistical analyses are evaluated at the p < 0.05 significance level.
Quantification of observer accordance
To determine if sternal ribs could be reliably assessed in clinical MSCT scans, a precision test to quantify the level of intra-and inter-observer accordance associated with phase estimates was performed prior to primary data collection. Levels of intra-and interobserver accordance are calculated using Cohen's Kappa statistic [32] , based on a sample of 40 randomly selected scans (evenly distributed by sex and age) and a subsample of 20 scans (also evenly distributed by sex and age) obtained from the original precision test sample, respectively. In each case, assessments following İşcan et al. [18, 19] were made on two separate occasions by MB (postgraduate forensic anthropology student with 25+ hours training and supervision in the method relative to application in MSCT) and a forensic anthropologist with postgraduate qualifications and practical experience in the method (both physical and virtual modalities).
Evaluation of intercostal variation and creation of age estimation standards A one-way repeated measures ANOVA was performed to evaluate differences in the mean estimated age (phase) between right ribs three to five using pooled and sex specific data. Significant ANOVA results were followed with a series of paired sample t tests between rib pairs (three and four, three and five, four and five) to assess the source of variation in the study population. Regression analysis was used to formulate predictive age models associated with statistically quantifiable measures of accuracy, as measured by the standard error of the estimate (SEE). A number of different regression models (linear, polynomial and multiple linear regression) based on phase scores (estimated age) from single and multiple ribs were formulated to determine the accuracy with which actual age could be estimated.
Modelling senescence of the sternal rib Transition analysis is a method of age estimation that attempts to overcome limitations such as age mimicry, or the use of discrete age intervals and resulting large age ranges, which are associated with traditional adult age estimation methods [6] . This form of analysis utilises an ordinal probit regression model to produce maximum likelihood estimates that represent the average age at which an individual is likely to transition from one age phase to the next in a hierarchy of ordered, invariant senescent changes [6, [33] [34] [35] . Transition analysis is applied in the present study as it provides an alternative method to the use of regression analysis for the estimation of age and modelling of thoracic senescence. Transition analysis was performed using pooled and sex-specific data for each rib to derive standards according to whether the sex of an unknown individual is known.
Results
Quantification of observer accordance
Intra-observer accordance was 'substantial' [36] with a Kappa value of 0.76 (p < 0.001). Inter-observer accordance was 'almost perfect' [36] with an associated Kappa value of 0.825 (p < 0.001).
Evaluation of intercostal variation and creation of age estimation standards
A significant difference between estimated age across ribs was found in the pooled-sex sample (F (2,668) = 3.76, p = < 0.05, η 2 = 0.011) and in the male sample (F (2,356) = 9.519, p = < 0.001, η 2 = 0.051). The partial eta squared statistic for those results indicate a small and a moderate effect size for pooled sex and male differences, respectively [37] . There was no significant variation between ribs in the female sample (F (2, 310) = 0.19, p = 0.827, η 2 = 0.001). Given the significant ANOVA result for the pooled-sex and male samples, a series of post hoc paired or dependent samples t tests were performed to determine which rib pairs differed in mean estimated age. Estimated age (phase) was found to significantly differ between ribs three (mean phase 3.21, SD = 2.377) and four (mean phase 3.41, SD = 2.514) (t (334) = − 2.488, p = 0.013), and ribs three and five (mean phase 3.38, SD = 2.567) (t (334) = − 2.185, p = 0.03) within the pooled sex sample. The eta squared statistic for the difference between mean estimated age at ribs three and four (0.02) indicates a small to moderate effect, while the eta value for ribs three and five (0.014) indicates a small effect [37] . A similar result was observed in the male sample, where mean estimated age differed significantly between ribs three (mean phase 3.08, SD = 2.347) and four (mean phase 3.47, SD = 2.475) (t (178) = − 4.5, p = < 0.001), and three and five (mean phase 3.35, SD = 2.619) (t (178) = − 2.902, p = 0.004). The eta squared result for difference in the mean estimated age between ribs three and four (0.102) and three and five (0.05) in the male sample suggest a large and moderate effect, respectively [37] . No other significant differences in mean age between rib pairs was evident.
A simple linear regression was performed to formulate a model to predict chronological age using estimated phase scores from ribs three through five. The variables (raw phase scores from ribs three, four and five) are submitted using the enter method, and results of the pooled and sex-specific regressions are presented in Table 1 . It is evident that variation (spread of phase scores) increases after phase 0, particularly at phases 5 and 6 for both sexes at ribs three through five. The age of male individuals was most accurately predicted based on rib four phase scores (SEE ± 10.62 years), followed by rib three (SEE ± 11.01 years). Interestingly, the opposite was true for female individuals, where rib five Phase scores were most accurate in estimating chronological age (SEE ± 10.65), followed by those derived from ribs three and four.
A polynomial regression was performed to determine if the relationship between estimated and chronological age could be more accurately described using a curvilinear model, as growth and senescence is often non-linear. The results of this analysis are shown in Table 2 . A third-order (cubic) polynomial was utilised for the pooled and individual sex samples. The results of the polynomial models largely mirror those of the linear analysis; specifically, the fourth rib produces the most accurate age estimate in males (SEE ± 10.59 years), followed by scores obtained from the third (SEE ± 11.06 years) and fifth ribs (SEE ± 11.61). Phase scores from the fifth rib were most accurate for the estimation of age in females (SEE ± 10.54 years), although unlike the results of the linear regression, phase scores from the fourth rib (SEE ± 11.31 years) were more accurate than those from rib three (SEE ± 11.47 years).
Multiple linear regression was performed to determine if age prediction accuracy could be increased by utilising Phase scores from all three ribs significantly contribute to the prediction of chronological age (p = < 0.001). The use of a multiple regression equation reduced the SEE for all ribs and samples examined when compared to the results of linear and polynomial regression equations (see Table 3 ). Approximately 72% of the variation in chronological age is accounted for by regression models using estimated phase scores across all samples.
Modelling senescence in the sternal rib
Transition analysis was utilised to generate standards specific to a Western Australian population that describe the rate of morphological change occurring within the sternal rib due to increasing age, from which age estimation standards can be derived. The results of this analysis for the pooled and individual sex samples are shown in Table 4 . Initial age related metamorphosis of the fourth right rib was observed to occur at 12.73 years of age (± 6.36 years) within the pooled-sex sample. Male individuals attained phase 1 characteristics earlier than their female counterparts (12.99 ± 5.61 years and 13.63 ± 6.3 years, respectively) and continued to develop subsequent phase characteristics prior to females until the transition between phases 3 and 4, where this trend was largely reversed for the remaining phases. The greatest difference between mean male and female age at transition occurs between phases 7 and 8. Overall, the fourth rib was found to transition from phase 0 to 1 earlier than any other rib examined (14.11 ± 3.99 years of age at rib three and 14.59 ± 3.15 years of age at rib five). Standard deviation scores across ribs and samples indicate widespread variability in the mean age at transition between phases that begins between phases 2 and 3. 
Discussion
The phase ageing method devised by İşcan et al. remains a widely implemented method of adult age estimation among practising physical and forensic anthropologists, despite being associated with a number of percieved methodological limitations, including high levels of intra-and inter-observer error, low rates of reproducibility and age mimicry [27] [28] [29] . The present study represents a novel undertaking that addresses the aforementioned issues through the creation of reference standards based on the virtual analysis of rib ends specific to a contemporary Australian population.
Intra-and inter-observer accordance
Levels of intra-and inter-observer accordance achieved in the present study (K = 0.76, 'substantial' and K = 0.825, 'almost perfect', respectively) are comparable to those reported in existing literature for traditional and virtual methods of analysis. Salem et al. [25] reported 'substantial' intra-observer agreement (K = 0.73 and K = 0.71) between phase scores for 108 fourth right rib specimens evaluated over two occasions by two observers. Marginally higher (albeit still comparable) levels of intra-observer agreement have also been reported by Merritt [22] (K = 0.87). A comparable level of error between the virtual method used in the current study and traditional assessments is particularly significant as it suggests that MSCT scans are a reliable alternate source of biological data that may be used in place of, or as an adjunct to, physical rib specimens. Further, the results of the present study are also indirectly comparable to those achieved by Dedouit et al. [17] who assessed intra-and inter-observer accordance based on the evaluation of 39 MSCT reconstructions of the fourth right rib using Krippendorff's alpha reliability coefficient. Intraobserver error was 0.79 and inter-observer error ranged from 0.78 to 0.86. While Kappa and Krippendorff coefficient values cannot be directly compared, it is worthwhile to note that levels of both intra-and inter-observer accordance achieved in the present study are within the range reported by Dedouit et al. [17] . This is pertinent as the Dedouit et al. study represents one of the only known published attempts to estimate age from the fourth rib using MSCT reconstructions. Variation in the reported level of error between the present study and published literature can be attributed to personal differences in the perception of morphological features and the interpretation of phase descriptions, differences in MSCT instrumentation and reconstruction processes and the medium used to assess rib specimens (virtual versus physical) between studies [38, 39] . Further research is required to quantify these differences given the relative paucity of MSCT-derived rib studies. 
Intercostal variation
The significant difference in estimated phase scores observed for rib pairs three and four and three and five in the male sample appears to represent the first known instance of discrepancies in the morphology of these ribs in the published literature. As such, caution should be exercised when applying right fourth rib standards to adjacent ribs in this population. In contrast, no significant differences between rib pairs were noted in the female sample, which is consistent with observations reported by Loth et al. [20] . However, differences in phase scores for right ribs three through five in a Caucasian female sample have been reported by Yoder [40] . These results emphasise the importance of applying appropriate population specific standards to ensure that the accuracy of an analysis is maintained. It is important to note that the results reported by Loth et al. [20] and Yoder [40] are based on the analysis of physical rib specimens and comparative data concerning the quantification of intercostal differences in the right rib series using virtual techniques does not currently exist. Differences in rib morphology between males and females have been attributed to sexually dimorphic adaptations of the thorax that facilitate respiration due to differential energy requirements and the female requirement to house a foetus during pregnancy [41] . These differences could also be explained by individual variation (mechanical loading, rate of bone growth and remodelling) or the effect of individualistic lifestyle and general health factors such as occupation, diet and physical activity [18] [19] [20] 40] . Further research is required to determine if comparable differences or similarities between estimated phase scores across ribs can be achieved between traditional and virtual methods and to evaluate the impact that the aforementioned factors have on rib morphology and what effect this may have (if any) on the accuracy of the method.
Age estimation standards
Considered collectively, the results of the regression analyses demonstrate that greater accuracy (lower SEE values) in the prediction of chronological age is achieved when phase scores from multiple ribs (preferably all three in the current study) are used (± 10.04 years for male and ± 9.81 years for female individuals). The accuracy of the multiple regression model is within the acceptable range of error (± 10 years) for adult age estimation in a forensic context [42] and is comparable to existing levels of error reported for a Western Australian population. For example, Karkhanis et al. [43] reported accuracy rates between ± 8.062 and ± 10.507 years for females and ± 8.212 and ± 10.074 years for males using a linear regression model to estimate age, which was reduced to ± 6.827 and ± 7.893 years for females and ± 6.306 and ± 8.683 years in males when multiple scores from the mandibular molars were used. Given that chronological age can be estimated from the ribs with a comparable level of accuracy to methods that already exist for a Western Australian population, the results of the current study provide a valuable source of data from an alternative skeletal element that can be used to estimate the age of living individuals, in lieu of, or in addition to, the dentition.
In further considering the relative accuracy of the present method, the SEE of the multiple regression model is comparatively higher than that reported for other global populations for the dentition (± 5.74 years for females and ± 6.60 years for males in a Turkish population; ± 9.5 years in a Belgium pooled sex sample) [44, 45] and specialised age estimation techniques such as aspartic acid racemization (± 1.26 years in a Kuwaiti population) and bone histology (between ± 4.821 and ± 4.971 years for a Korean population [46, 47] . Although the relatively higher SEE values in the present study is likely due to the qualitative rather than quantitative nature of the latter methods.
Modelling senescence in the sternal rib
The results of the transition analysis demonstrate comparable mean ages at transition between phases across ribs and samples. The fourth rib was observed to undergo initial morphological change (phase 0-1) earlier than the other ribs examined across the sample, with males transitioning at an earlier age compared to females (12.99 ± 5.61 years and 13.63 ± 6.30 years, respectively). The opposite was found for the higher phases, with male individuals transitioning between phases 7 and 8 at a later mean age (78.52 ± 22.30 years) when compared to females (68.64 ± 7.89 years). The standard deviation values across phases and samples demonstrate a high level of variability in the timing of morphological change. Although the results of the current transition analysis cannot be directly compared to the mean age reported for each phase by İşcan [18, 19] , it is interesting to note that the mean age of transition from phases 0 to 1 for the fourth rib in males and females was lower than the mean age reported by İşcan for both samples at phase 1 (17.3 and 14 years of age for males and females, respectively), meaning that the use of the İşcan standard in a Western Australian population would result in the overestimation of age for individuals within this phase. The opposite is true of older phases for all ribs across the male and female samples where the mean age at transition in the Western Australian population is higher than mean ages reported by İşcan. Further research on the age of transition between age phases using larger samples and geographically disparate populations is required to compare and quantify the results of the present study.
Limitations
The use of medical imaging modalities such as MSCT has facilitated the development of an efficacious alternate approach to biological profiling using virtual skeletal reconstructions [14] [15] [16] [17] . However, practitioners must remain cognizant of the inverse relationship between scan resolution and slice thickness, where the level of discernible anatomical detail decreases with increasing slice thickness [48] . This tradeoff is formally referred to as the partial volume effect and has been identified in the literature as a being a potential source of misclassification between successive stages of skeletal development [49, 50] . The tendency towards obtaining thick-slice CT scans in clinical practice is aligned with the principle of ALARA (As Low as is Reasonably Achievable), which arises from the requirement to prevent exposing living individuals to excessive levels of ionising radiation [51] . Certain diagnostic rib features listed by İşcan et al. were more difficult to assess as a result of this effect and MSCT post-imaging reconstruction processes. As such, the use of supplemental methods of rib observation that are not consistent with the original method (such as 2D orthogonal MPR) were utilised when the necessary level of detail could not be discerned from 3D reconstructions alone. The thickness and degree of sharpening of the rib wall used to differentiate phases 4 and above was particularly difficult to discern, as the 3D reconstruction smooths the appearance of any sharp or irregular rib projections, potentially resulting in the underestimation of age of individuals in phase 4 and over [17] .
A similar limitation applies to the determination of the porosity of bone in relation to the set contrast of the scan. The appearance of the costochondral junction is obscured when the contrast is too high (unable to sufficiently visualise the rib edge and rim wall) and conversely, portions of the wall and pit floor disappear when the contrast is too low. A certain amount of observer discretion is therefore required to ensure that features of the rib are visualised in a manner that is as representative of the physical rib as possible. The plaque-like deposit that lines the pit during phase 5 for females was likewise difficult to distinguish given the limited ability to visualise porosity in CT reconstructions.
Several studies have documented bilateral dissimilarities in sternal rib ageing (e.g. [20, 40] ), although research in this area is scarce and has not specifically been performed for an Australian population. It would thus be beneficial to explore the existence of any bilateral variation that occurs as part of the ageing process to increase the amount of morphological data available for the modelling of senescence within thoracic structures. Additional data collected from different global populations using virtual techniques may also aid in validating the method and increasing the amount of data available for the development of population specific standards.
Finally, it is important to acknowledge that the limited number of individuals over 35 years of age included in the final sample means that the conclusions reached for those individuals are not necessarily representative of the range of morphological metamorphosis from mid to late adulthood.
Consequently, the results are not as readily generalisable to a larger population for this age group. This limitation can be remedied with the use of a larger sample which includes more individuals from older age groups.
Future directions
Given the relative novelty of the transposition of traditional methods of skeletal analysis to virtual reconstructions, future research would benefit from the replication of the method using a larger, more ethnically diverse sample that is more evenly distributed, particularly within older age groups. Future studies utilising a larger sample drawn from all states and territories of Australia are required to establish whether ageing of the sternal rib varies based on geographic location, or if the standards developed in the present study are sufficient to estimate the chronological age of individuals nationwide. Finally, the overall accuracy and reliability of the İşcan method could benefit from further research that attempts to quantify age-related changes in rib morphology in terms of shape variants. Geometric morphometric techniques that utilise semi-landmarks enable shape changes to be quantified with rigorous statistical methods [52] , which may resolve issues relating to high levels of intra-and inter-observer error that are presently associated with the method.
Conclusions
The present study presents a novel set of skeletal reference standards for the estimation of age from the fourth right rib, with demonstrated comparable levels of intra-and interobserver accordance to that published in the existing literature (e.g. [17, 22, 25] ) and a similar level of predictive accuracy to other Western Australian standards [43] . Intercostal variance in rib morphology between right rib pairs three and four and three and five in the male sample represents the first known instance of discrepancies in the published literature, although further research is required to verify this result as differences in rib morphology as visualised using virtual imaging techniques have not been evaluated. The use of multiple regression equations utilising phase scores from right ribs three, four and five produced the most accurate estimates of chronological age (within ± 10.04 years for males and ± 9.81 years for females).
Indirect comparison of the mean age at transition between phases for Western Australian individuals and those reported by İşcan et al. suggests that the İşcan standard tends to overestimate the age of Australians at the transition from phase 0 to 1 for the fourth right rib. The opposite is true of older phases for all ribs across the male and female samples, where the mean age at transition in the Western Australian population is higher than those reported by İşcan. The results of the present study further validate the utility of MSCT scans as an analogue for skeletal reference collections or physical dry bone specimens and demonstrate that techniques based in virtual analyses can be used to reliably estimate age in a Western Australian population.
